Our understanding of the mammalian cell cycle is due in large part to the analysis of cyclin-dependent kinase (CDK) 2 and CDK4͞6. These kinases are regulated by E and D type cyclins, respectively, and coordinate the G 1͞S-phase transition. In contrast, little is known about CDK3, a homolog of CDK2 and cell division cycle kinase 2 (CDC2). Previous studies using ectopic expression of human CDK3 suggest a role for this kinase in the G 1͞S-phase transition, but analysis of the endogenous kinase has been stymied by the low levels of protein present in cells and by the absence of an identifiable cyclin partner. Herein we report the presence of a single point mutation in the CDK3 gene from several Mus musculus strains commonly used in the laboratory. This mutation results in the replacement of a conserved tryptophan (Trp-187) within kinase consensus domain IX with a stop codon. The protein predicted to be encoded by this allele is truncated near the T loop, which is involved in activation by CDK-activating kinase. This mutation also deletes motif XI known to be required for kinase function and is, therefore, expected to generate a null allele. In stark contrast, CDK3 from two wild-mice species (Mus spretus and Mus mus castaneus) lack this mutation. These data indicate that CDK3 is not required for M. musculus development and suggest that any functional role played by CDK3 in the G 1͞S-phase transition is likely to be redundant with another CDK.
M
uch of what we know about the mammalian cell cycle comes from an analysis of two prototypical G 1 ͞S-phase cyclin-dependent kinase (CDK)-cyclin complexes, CDK2-cyclin E and CDK4͞6-cyclin D (refs. 1-7; for reviews, see refs. 8 and 9). These kinases are responsible for activation of the E2F transcriptional program via phosphorylation of the retinoblastoma protein and its family members p107 and p130 (refs. 10 and 11; for reviews, see refs. 12 and 13), and there is evidence that CDK2-cyclin E functions downstream E2F activation to control DNA synthesis and other activities associated with S phase (14) (15) (16) . There is also evidence of a role for an additional family member CDK3 (17) in the G 1 ͞S-phase transition. Human CDK3 is closely related to CDK2 and cell division cycle kinase 2 (CDC2) (76% and 67% identical, respectively). Like CDC2 and CDK2, CDK3 can complement temperature-sensitive mutations in the budding yeast CDC28 gene and interacts with the small CDK subunit CKS1 (17) . Dominant negative forms of human CDK3 block cells in G 1 phase, and this arrest is not overcome by overexpression of CDK2, suggesting a specialized role for CDK3 in the G 1 ͞S-phase transition (18). In addition, expression of dominant negative CDK3 inhibits E2F activity and CDK3 can assemble with E2F-1͞DP-1 complexes, suggesting a role for CDK3 in E2F activation (19) . Moreover, CDK3-cyclin E complexes can promote S-phase entry in quiescent cells as efficiently as can CDK2-cyclin E complexes (20) .
Despite these studies, our understanding of CDK3 and its role in cell division is quite limited. This reflects to a large degree the difficulty in detecting CDK3 in cells and tissues. CDK3 kinase activity has not been reliably detected in extracts from tissue culture cells, and thus its normal kinase activator subunit has not been identified and the timing of its activation has not been reported (17, 18) . This low abundance is reflected in extremely low levels of mRNA in tissue Northern blots (17) . Consequently, all CDK3 studies thus far have used recombinant human CDK3 or transient overexpression systems (18) (19) (20) .
We sought to understand CDK3 function by examining the phenotype of mice lacking CDK3. However, during the course of our analysis of the Mus musculus (129Sv) CDK3 gene, we discovered that it contains a point mutation that converts a highly conserved tryptophan (Trp-187) to a premature termination codon. An identical mutation was identified in a M. musculus CDK3 cDNA. Trp-187 is located within kinase signature motif IX and truncation also deletes additional motifs known to be required for kinase activity, likely creating a null allele. In contrast, CDK3 from wild-mice species Mus spretus and Mus mus castaneus lack this mutation. Analysis of several M. musculus mouse strains commonly used in the laboratory revealed that all had the identical CDK3 mutation, consistent with the known genealogy of these strains. These data indicate that CDK3 is not required for M. musculus development or generally for cell division. The absence of a requirement for CDK3 during mouse development likely reflects redundancy with other CDK family members such as CDK2.
Materials and Methods
Isolation and Analysis of Genomic Clones. A M. musculus (129Sv) genomic library in phage (provided by S. Elledge and P. Zhang, Baylor College of Medicine) was screened by using a 700-bp SalI-NotI fragment from a mouse CDK3 cDNA (GenBank accession no. AA607856) containing the extreme C terminus of the coding region (residues 267-304) and 3Ј untranslated sequences. Positive clones were converted to plasmids by automatic subcloning. Plasmids were subjected to restriction mapping and the CDK3 gene sequencing by primer extension (primer sequences are available on request from the authors). Exon structure for human and mouse CDK3 were deduced by using the exon identification algorithm FGENES (http:͞͞dot.imgen.bcm.tmc.edu:9331͞seq-search͞ gene-search.html). To determine whether the CDK3 gene was present in single copy in the mouse, genomic DNA was isolated from 129Sv embryonic stem cells; digested with EcoRI, BamHI, or BglII; and subjected to Southern blot analysis by using the probe described above. A single hybridizing band was seen with all three restriction enzymes, indicating that CDK3 is a single copy gene (data not shown).
Genomic DNA for wild-mice strains was provided by N. Jenkins (National Cancer Institute) and M. Justice (Baylor Abbreviations: CDK, cyclin-dependent kinase; CDC, cell division cycle kinase; EST, expressed sequence tag.
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College of Medicine) (M. spretus) or was purchased from The Jackson Laboratory (M. m. castaneus), as was FVB͞NJ DNA. 129Sv and C57BL͞6 DNA was from S. Elledge. B6D2F1 and BALB͞c DNA were provided by F. DeMayo and D. Medina (Baylor College of Medicine). For amplification of CDK3 exons 4 and 5, PCRs were performed with CDK3-F7 (5Ј-GCTTC-CCCTGCGCACCTACACCCA) and CDK3-R9 (5Ј-ACCATC-TCTGCAAAGATGCAGCCA) or, alternatively, CDK3-F12 (5Ј-CCATATGACATCACTGGCGAACTCAGC) and CDK3-R12 (5Ј-GCTTAGGTGACCACTCTGCCACTG) primers. Reactions (25 l) were performed by using Expand high-fidelity Taq polymerase (Roche Molecular Biochemicals): 30 cycles of 94°C for 30 sec, 65°C for 30 sec, and 72°C for 45 sec. For primer set F7͞R9, a 214-bp fragment was amplified from different mouse strains and directly sequenced by using the F7 primer. For primer set F12͞R12, the PCR product (267-bp) was directly sequenced using primer R12.
In Situ Hybridization. Sense and antisense cRNA probes for CDK3 (700 bp consisting primarily of 3Ј-untranslated sequences) were generated by using T7 or T3 polymerase and were labeled during synthesis with digoxigenin-labeled UTP as described by the manufacturer (Boehringer Mannheim). Paraffin-imbedded M. musculus embryo sections (Novagen) were dewaxed, rehydrated, digested with proteinase K, acetylated with acetic anhydride, and prehybridized for 3 h at 55°C. Each section was covered with 100 l of hybridization buffer containing 100 ng of digoxigeninlabeled probe and incubated for 16 h at 55°C. After hybridization, slides were washed and incubated with alkaline phosphatase-conjugated anti-digoxigenin antibodies. Bound antibodies were detected with 4-nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate.
Results and Discussion
Expression of CDK3 During M. musculus Development. CDK3 mRNA has proven difficult to detect in both tissues and cell lines (17, 18). As such, it is not clear whether it is expressed at very low levels in the vast majority of cell types or is expressed in a cell type-specific manner. Therefore, as an initial step toward understanding CDK3 function, we sought to determine its pattern of expression during mouse development by using in situ hybridization. Although the human CDK3 cDNA is known (17) , the mouse cDNA has not been reported. Analysis of the mouse expressed sequence tag (EST) database revealed two sequences derived from a blastocyst cDNA library that were more closely related to human CDK3 than to CDK2 or CDC2 (see below). One of these EST clones (GenBank accession no. AA607856) contained sequences encoding the C terminus of mouse CDK3 (residues 267-304) and the presumptive 3Ј untranslated region. This EST was used to generate cRNA probes for hybridization. CDK3 is expressed in a restricted pattern at multiple stages in development (embryonic day 9.5-15.5; Fig. 1 and data not shown). The highest level of CDK3 expression was observed in the heart, lung, nasal cavity, roof-plate of the fourth ventricle, embryonic skin, and cartilage primordium of the basisphenoid and basioccipital bone. The levels of expression throughout much of the embryo were near the level found with the sense probe used as a negative control (Fig. 1) . Consistent with the low levels of CDK3 observed in human tissue extracts, extended exposure times were required to detect CDK3 mRNA, indicating that its levels of expression are very low, even in tissues where it is expressed.
Mouse and Human CDK3 Gene Structure. Given this restricted expression pattern, we initiated experiments to delete the CDK3 gene in mice with the expectation that specific roles for CDK3 would be evident in tissues where it is expressed. A partial CDK3 cDNA (GenBank accession no. AA607856) was used to screen a genomic library derived from 129Sv mice. Three overlapping clones were identified and the largest clone, containing the entire CDK3 gene, was sequenced. As shown in Fig. 2A , the 4.5-kb mouse CDK3 structural gene contains seven exons. The overall organization of the mouse gene is virtually identical to that of the human gene, as deduced by the sequence of a chromosome 17 derived P1 artificial chromosome clone RP11-685I11 (GenBank accession no. AC040980; Fig. 2 A) . Southern blotting confirmed that CDK3 is a single copy gene in the 129Sv strain.
Identification of a Premature Termination Codon in the M. musculus
CDK3 gene. The deduced mouse CDK3 protein sequence was found to be 92% identical to human CDK3, including 29 residues spread throughout the protein that are not conserved in CDK2 or CDC2 (Fig. 2B) . However, we were surprised to find that the codon for Trp-187 (TGG) in human CDK3 was replaced by a termination codon (TGA) in the mouse protein (Figs. 2B and 3B). Trp-187 is located in conserved kinase motif IX (Asp-IleTrp-Ser-Ile-Gly). The Asp, Trp, and Gly residues are identical or conserved in greater than 99% of all protein kinases (21). Truncation at Trp-187 would delete the C-terminal 118 residues of CDK3 and the fully conserved Arg in motif XI (Fig. 2) . Given this unexpected result, we sought to verify this mutation by direct sequencing of PCR products across exons 4 and 5 derived from 129Sv genomic DNA (Fig. 3 A and B) . We found that the sequence derived by this approach was identical to that found with CDK3 genomic clones (Fig. 3B) . This rules out the unlikely possibility that CDK3 is heterozygous in this highly inbred strain. To rule out a context-specific sequencing error, we amplified 129Sv genomic DNA with a different set of intron primers flanking exon 5 and sequenced the region in the 3Ј 3 5Ј direction (Figs. 2 A and 3C ). The sequence observed (Fig. 3C) confirmed the presence of the in-frame stop codon in the M. musculus CDK3 gene and ruled out a context-specific sequencing error.
We next asked whether completely unrelated wild-mice strains also contain this mutation. Genomic DNA from M. spretus and M. m. castaneus (CAST͞E1 and CASA͞Rk) was used to amplify exons 4 and 5 ( Fig. 2 A) and PCR products were directly sequenced. The sequences of both wild-mice CDK3 genes were identical to that of the M. musculus strains, except that the codon at position 187 encoded tryptophan (Fig. 2B) . We next examined whether other M. musculus strains, many of which were derived from a small number of founder strains in the early 1900s, also contained this CDK3 mutation. We chose strains in the C57BL group (C57BL͞6 and B6D2F1), the ''Castle'' group (BALB͞c and 129Sv), and the Swiss mouse group (FVB͞NJ). Genealogical data suggest (22) that strains in the C57BL group and Castle groups have similar origins (Fig. 4) but the precise origins of the Swiss mouse group are not known. Exons 4 and 5 from CDK3 were amplified from genomic DNA (Fig. 3A) and sequenced. As shown in Fig. 3B , all these M. musculus strains contained a termination codon at the position of Trp-187. This result suggests that the mutation was present in the founder mice used to generate C57BL and Castle mice and indicates that FVB͞NJ and C57BL strains may have common origins.
Because of the low abundance of CDK3 mRNA in tissues, it has proven difficult to identify cDNA clones, including the use of reverse transcription-coupled PCR (X.Y. and J.W.H., unpublished data). However, we did identify a single M. musculus (B6D2F1) CDK 3 EST clone (GenBank accession no. AA617565) that overlaps this region. The sequence of this cDNA also contains a termination codon at the position of Trp-187 in human CDK3 (Fig. 2B) . Thus, the mutant CDK3 gene is transcribed and makes an mRNA predicted to encode a protein truncated at Ile-186.
Implications for CDK3 Function. In this study, we report that several M. musculus strains commonly used in the laboratory contain a premature termination codon in the CDK3 gene. This was achieved by direct sequencing of two distinct PCR products produced from genomic DNA and three independently isolated -clones derived from a 129Sv library. This data and the fact that the inbred strains analyzed are more than 99% homozygous argue that these M. musculus strains lack an intact CDK3 gene. This mutation (Trp-187 3 Term) results in deletion of two protein kinase motifs (IX and XI) that are highly conserved in serine͞threonine kinases and tyrosine kinases and removes a large portion of the structure that interacts with substrates. Therefore, we think it highly likely that this would create a null allele.
There are several lines of evidence that suggests that human CDK3 functions during the G 1 ͞S-phase transition. Dominant negative forms of CDK3 arrest cells in G 1 phase and this can be overcome by expression of wild-type CDK3, cyclin E, and cyclin D1 but not by CDK2 (18). Moreover, human CDK3 can associate with E2F-1͞DP-1 complexes and dominant negative CDK3 blocks E2F activity when overexpressed, suggesting a positive role for CDK3 in the G 1 ͞S-phase transition (19) . Consistent with this, cyclin E-CDK3 can promote S-phase entry in the absence of serum (20) . Thus, although it is clear that CDK3 can promote cell division, our results lead us to conclude that CDK3 is not uniquely required for cell division in the vast majority of cell types in M. musculus. This most likely reflects redundancy between different CDKs in the limited number of cell types where CDK3 is expressed. In particular, CDK2 may be able to substitute for CDK3 activity in vivo. In this regard, we note that CDK3-cyclin E and CDK2-cyclin E give indistinguishable phosphorylation patterns with the retinoblastoma protein in vitro, suggesting that their inherent specificities are similar (23) . Although our data indicate that CDK3 is not essential for development as we know it in M. musculus, we cannot exclude the possibility that CDK3 maintains an essential role for the production of particular cell types in organisms, such as humans, in which it remains functional.
Deletion experiments in mice have revealed considerable functional redundancy among various positive and negative cell Fig. 3 . M. musculus, but not wild-mice strains, contain a premature termination codon in the CDK3 gene. (A) PCR primer pairs F7 and R9 were used to amplify exons 4 and 5 from the CDK3 gene by using total genomic DNA from the indicated strains or from isolated clones for CDK3. In all cases, a single (Fig. 2 A) and sequenced with the reverse R12 primer. The sequence is complementary to that found with the sequences shown in B.
cycle regulatory components. For example, p107 and p130 appear to play redundant roles in the control of differentiation during mouse development. In isolation, p107 and p130 mutant mice are free of obvious phenotypes but p107Ϫ͞Ϫ;p130Ϫ͞Ϫ mice exhibit neonatal lethality and multiple types of defects in differentiation (24) . In other cases, loss of a single cell cycle regulator is not lethal to the organism but produces cell-typespecific effects. For example, CDK4 is not essential for mouse development per se but the mutant animals are much smaller than their wild-type counterparts and there are several tissuespecific abnormalities seen in these mice (25, 26) . Thus, although other CDKs, such as CDK6, may be capable of performing the functions of CDK4 in cells where they are coexpressed, tissues where CDK4 is the primary D-type cyclin kinase subunit display clear phenotypic consequences upon loss of CDK4. This effect is mirrored in cyclin D1-deficient mice, which are also much smaller than wild-type animals and also display tissue-specific abnormalities (27) . Tissue-specific redundancy is also displayed by the cyclin-dependent kinase inhibitors p21, p27, and p57 (28, 29) . Our results emphasize, yet again, the extent to which functional redundancy appears to be used in cell cycle control. Moreover, CDK3 is not the first cell cycle regulator found to be mutated in inbred mouse strains. Of note is the p16 INK4a gene, which contains a debilitating point mutation in BALB͞c and ABP͞Le strains but is wild type and functional in other M. musculus strains (30) . Clearly, inactivating mutations of the sort identified herein may have implications for experiments designed to test the function of cell cycle regulators in mice. The mouse single nucleotide polymorphism (SNP) database (31) may help to establish how prevalent loss-of-function mutations are in redundant components of cell cycle machinery in laboratory mouse strains.
